The bovine papilloma virus type 1 (BPV-1)-specific RNA species were identified in virus-induced bovine warts, hamster tumors, and transformed hamster and mouse cells. In each case two major species were present (1.1 and 1.3 kilobases [kb]). Also two species of 1.6 and 1.8 kb appearing in variable amounts were found. Only in the keratinized periphery of the warts, where virus replication takes place, was it possible to reveal an additional 2-kb RNA species. In this tissue, however, the 1.6-kb species was not detected. The basal part of a bovine wart contained an additional minor, 2.9-kb, BPV-1-specific RNA sequence. By hybridization with purified defined BPV-1 DNA fragments it was shown that most of the coding sequences of the 2-kb species were transcribed from a region between 0.02 and 0.19 map units. The majority of the coding sequences of the smaller species in transformed cells were located in the region between 0.31 and 0.61 map units. The putative 5' ends mapped between 0.72 and 0.96 map units.
The papilloma viruses are widespread in nature. They are capable of inducing benign tumors in their natural hosts. Their implication in more severe neoplastic diseases, however, cannot be dismissed at present.
In particular the rather oncogenic bovine papilloma viruses (BPV) have recently been studied in greater detail with regard to their physical state in naturally occurring tumors (1, 8) and in transformed tissue culture cells (7, 10) . It was found that, in contrast to other tumor virustransformed systems, the BPV genomes exist exclusively as free unintegrated circular molecules. Furthermore, the transforming ability is associated with a limited region of the BPV type 1 (BPV-1) genome (11) .
Further studies on the molecular biology of BPV have been considerably hampered by the lack of a cell culture system for the replication of these viruses. Therefore, information on the transcription of BPV has been difficult to obtain.
We shall describe here first attempts to identify and partially map various BPV-1 RNA species derived from the keratinized area of warts where virus replication takes place (13, 15) , from experimentally induced tumors, and from transformed tissue culture cells. Additionally the direction of transcription has been determined by using a newly devised technique.
MATERIALS AND METHODS
Virus. Virus (BPV-1) was purified from a bovine skin wart essentially as described previously (9) (17) . The gel was blotted as described by Southern (16) . After a short washing in 6x SSC, the filter was baked at 80°C for 4 h before hybridization with the nick-translated DNA probe in 6x SSC supplemented with Denhardt solution (4) (106 cpm/ml) for 16 enzymes were chosen such that the DNA fragments to be isolated from the 1.4% agarose gel were maximally separated from each other. Furthermore, the isolated fragments were individually subjected to reelectrophoresis in a different gel system (3.5% acrylamide). The DNA fragments were eluted from the gel sections by electrophoresis into dialysis bags. They were examined for purity by hybridization across the appropriately cleaved viral genome. Even after extended periods of overexposure only the authentic signals were revealed.
Synthesis of cDNA. The procedure for synthesis of cDNA was as described by Friedman and Rosbash (5) . Fifty micrograms of total RNA was incubated for 60 min in a 50-,u volume containing 5 ,ug of oligodeoxythymidylic acid, 50 mM Tris-hydrochloride (pH 8.3), 60 mM NaCl, 6 mM MgCl2, 20 mM dithiothreitol, 100 p,g of actinomycin D per ml, 50 ,ug of bovine serum albumin per ml, 20 p.M 32P-labeled deoxynucleotide triphosphates (Amersham Buchler, 400 Ci/mmol) and 20 units of avian myeloblastosis virus reverse transcriptase (Boehringer). To the reaction products sodium dodecyl sulfate was added to a final concentration of 0.1% and digested with proteinase K (200 ,ug/ml) (Merck) for 10 min at 37°C. The RNA was destroyed by treatment with 0.5 M NaOH for 10 min at 37°C. The cDNA was purified by chromatography on Sephadex G-75 followed by chromatography on hydroxyapatite. Hybridization with the cDNA was carried out by placing the nitrocellulose filters in 250-ml plastic centrifuge tubes which contained the cDNA in 50 ml of 6 x SSC supplemented with Denhardt solution. The hybridization was performed for 16 h at 68°C; the vials were continuously subjected to shaking with a Labshaker (Braun Melsungen).
As partially degraded RNA was required as a template for reverse transcription, the degradation was achieved by incubation of the RNA preparations in water at 20°C for 16 h. The RNA preparations contained apparently trace amounts of RNase, enough to degrade the BPV-1-specific RNA to fragments below 300 bases, despite the purification steps described above. This was monitored by blot hybridization of the RNA with 32P-labeled BPV-1 DNA as a probe (data not shown).
RESULTS
Size of BPV-1-specific RNA sequences. Despite the size of BPV-induced warts from cattle, it is difficult to obtain sizable amounts of RNA. The keratinized peripheral sections within which the vegetative growth of BPV occurs are particularly difficult to extract. A modification of the established methods for extraction of RNA which permitted the isolation of feasible amounts of BPV-1-specific RNA sequences is described above. Figure 1 shows the results of hybridizing nicktranslated BPV-1 DNA to a nitrocellulose filter blot of the various polyadenylic acid-enriched RNA preparations electrophoresed under denaturing conditions. For reference purposes, track a contains size markers, and as a control, RNA extracted from bovine skin tissue was run in track b. Fig. 2 . The DNA fragments and the regions which they span on the physical map ( Fig. 2A) are designated in a clockwise fashion. The tracks in Fig. 2B bear the designation of the DNA fragment that was employed for hybridization such that the transcripts (or at least parts thereof) can be easily confined to the respective region on the physical map. Fragment a, for example, bears sequences complementary to the 2-kb RNA species as is shown in track a. No signal was revealed in track b where the DNA fragment spanning the region between 0.19 and 0.31 map units was employed for hybridization. Upon first glance, this is somewhat surprising, since the 2-kb RNA also failed to give a signal with the other flanking DNA fragment f. Hence, not the entire region of the DNA appears to be accounted for by RNA sequence homologies. This apparent discrepancy can, however, be resolved. As described below, with a more sensitive technique it was possible to locate the 3' end of the 2-kb RNA in fragment f. It should also be borne in mind that the degree of polyadenylation is unknown, and a small homology to fragment b may have escaped detection. The majority of the sequences of the 2-kb RNA are confined to an area of the genome which does not share any recognizable homology with the remaining RNA species. Strong signals were obtained in tracks c and d, both from the 1.1-and 1.3-kb species (which are not resolved here). Hence these species were transcribed somewhere between map units 0.31 and 0.61. Also in track d a signal appeared at the position of the 1.8-kb RNA species (whether there is, in addition, an as yet unresolved 1.6-kb species cannot at present be said). Two rather weak signals were obtained in track e from the 1.3-kb and the 1.8-kb RNA species, suggesting that these transcripts reach only to a small extent into the region between 0.61 and 0.89 map units on the physical map.
Based upon the same strategy, the BPV-1-specific mRNA species that are present in the basal part of a wart were hybridized with defined viral DNA fragments (Fig. 3) . We are considering here RNA sequences enriched for polyadenylation. The fragment designated e in Fig. 2 3 . Mapping of BPV-1-specific polyadenylated RNA sequences contained in the basal part of a wart. The RNA was analyzed as described in the legend to Fig. 2 , except that 2 ,ug per track was electrophoresed at 4 V/cm for 16 h. X-ray films were exposed for 12 days, except track c, which was exposed for only 3 days. Tracks a to d were hybridized with the DNA fragments described in the corresponding tracks of Fig. 2a .'' large 2.9-kb sequence appeared. Interestingly, only the 1.6-, 1.8-, and 2.9-kb species gave weak signals with the e fragment, whereas the adjacent fragment f reacted again with all five species, thus suggesting very strongly the omission of fragment e-derived sequences by splicing. Both the 1.6-and 2.9-kb species extended even into the uppermost fragment g.
The polyadenylated RNA sequences from BPV-1-transformed HEF cells were hybridized as described above. As the transformed cells apparently harbor fewer copies of BPV-1-specific RNA sequences than the wart, weaker signals were obtained (Fig. 4) . Essentially, hybridization with fragments a to d resulted in similar patterns as those described above, except that the 2.9-kb sequence was missing, and the 1.6-kb species gave a stronger signal with fragment c than did the 1.8-kb species. One -striking difference, however, was noticed after reaction with fragment g, which failed to hybridize with the 1.6-kb RNA. This leads us to conclude that this species is either different in transformed cells, or that the basal part of the wart contains, in addition, an extra 1.6-kb species.
Mapping of the 3' ends. Attempts were made to identify the polyadenylated 3' ends of the messengers by oligodeoxythymidylic acidprimed reverse transcription with 32P-labeled deoxynucleotide triphosphates as precursors.
Limited degradation of the RNA before oligodeoxythymidylic acid-primed reverse transcrip- tion precludes the appearance of large cDNA transcripts, as only those RNA fragments bearing a polyadenylated 3' end will remain available for the synthesis of cDNA.
The sequences adjacent to the 5' ends which would reveal DNA fragments that are further apart on the physical map are not represented in the cDNA, and, hence the homologous BPV-1 DNA sequences from which the 3' ends of RNA sequences were transcribed can be identified by hybridization with immobilized DNA fragments.
To validate this technique the well-studied simian virus 40 (SV40) system was used as a model. Degraded RNA from SV40-infected CV-1 cells (2 days after infection) was hybridized to SV40 DNA cloned in pBR322 at the BamHI site and cleaved either with HindIII or with a mixture of BglI, EcoRI, and BamHI. The labeled cDNA hybridized exclusively in the first case with the fragment spanning the region between 0.98 and 0.16 map units or, in the latter case, with the fragment derived from the area between 0.00 and 0.16 map units. This area contains the sequences that are complementary to the 3' end of the early and late SV40 mRNAs (data not shown).
To generate different cleavage patterns, the cloned pBR322 BPV-1 DNA was cleaved with three restriction enzymes, namely, Hinfl, HhaI, and HpaII (a, b, and c, respectively, in Fig. 5 ).
The physical maps that can be constructed are indicated in the upper part of the figure. Three different RNA preparations were employed for reverse transcription; the RNAs were extracted from the periphery of a wart (a' to c'), from a BPV-1-induced hamster tumor (a" to c"), and from BPV-1-transformed HEF cells (a"' to c"').
The labeled cDNA, when hybridized across the viral DNA fragments, revealed within each one of the cleavage patterns two signals when the RNA from the periphery of the wart was used for reverse transcription (a', b', c'). The positions of the labeled fragments are indicated by the arrows in the physical maps, and it can be seen that the data obtained from the three cleavage patterns confirmed each other, as the labeled fragments were confined to overlapping regions on the physical maps. 
DISCUSSION
Several BPV-1-specific polyadenylated RNA species were detected by chromatographic selection followed by gel electrophoretic characterization in BPV-1-transformed HEF and C57 cells: two particularly frequent species (1.1 and 1.3 kb) and two further, larger species (1.6 and 1.8 kb). With the exception of the 1.6-kb species, which was not detected in the periphery of the wart, RNA sequences that were equal in size have been detected in BPV-1-induced tumors and both in the peripheral and basal parts of BPV-1-induced warts.
A further, polyadenylated 2-kb species was present only in the peripheral parts of the warts where the virus replication takes place (13, 15) . It is transcribed from the region of the genome between 0.96 and 0.19 (possibly extending up to 0.25) map units (Fig. 6) , in the area which was shown to be dispensable for tumorigenic transformation (from 0.0 to 0.31) (11) . This fact, together with its derivation from the permissive periphery of the wart, renders the 2-kb RNA the most likely candidate to encode the information for the viral capsid protein (VP-1). The size of the 2-kb RNA is compatible with the coding capacity that is necessary to instruct the synthesis of the 53,500-dalton VP-1 capsid protein of BPV-1 (12) . This protein is probably the only major species that constitutes, in addition to cellular histones, the virus particle (12) .
The other RNAs have been confined to certain regions on the physical map (Fig. 6 ). Poly- rigorously proven that all 3' ends from the minor RNA species were detected, we believe that the data suggest that additional 3' ends can be excluded. For example, overexposure of the autoradiograph in Fig. 5 did not reveal additional signals. Furthermore, the species at positions 1.8 and 1.6 are present in approximately equal amounts in transformed hamster cells (Fig. 1,  track f ), yet no extra signals were found. The positions of the putative 5' ends were located between 0.72 and 0.87 map units, with the exception of the 2.9-and 1.8-kb RNAs from the basal part of the wart, which extended into the region between 0.87 and 1.0 kb. Whether the 2.9-kb sequence may merely represent a precursor is not known. As a next step in the analysis, SI mapping will have to be employed to obtain more accurate data. It should be added, however, that very small 5'-end leaders may escape detection with this method.
A rather unexpected property of the BPV genome emerged when the direction of transcription was analyzed. Other members of the papovavirus group, like SV40 and polyoma virus, display a so-called strand switch by transcribing a set of mRNAs from one DNA strand and another set of mRNAs from a different region of the complementary strand. In contrast, the 3' ends of at least some, if not all, of the BPV-1 RNAs are not juxtaposed to each other, but rather are situated one after the other in a counterclockwise sense on the physical map. It follows from this observation that transcription proceeds counterclockwise on only one of the DNA template strands.
This property distinguishes BPV-1 from the members of the SV40-polyoma virus subgroup which are all related to each other. Whether other papilloma viruses follow the same rules with regard to the mode of transcription will have to be the subject of further studies.
